What was known before
Cystatin C is a marker of glomerular filtration rate that is independent of muscle mass. It has been shown for patients with diseases such as spina bifida and muscular dystrophy to be a superior marker for the estimation of glomerular filtration rate (eGFR). Patients with cystic fibrosis often have wasting disease and reduced muscle mass.
What this adds
In this analysis with carefully conducted gold standard measurements of glomerular filtration rate, creatinine or cystatin C or a combination thereof was not able to estimate GFR reliably in this patient cohort of mostly pediatric patients with cystatin C, likely due to a combination of inflammation and other factors. The study suggests that in some special patient populations such as patients with cystic fibrosis, glomerular filtration rate should be measured rather than estimated.
Background
Patients with cystic fibrosis (CF) have infectious complications that frequently require nephrotoxic medications, particularly aminoglycosides. After lung transplantation, there is a very high prevalence of chronic kidney disease (CKD) in these patients. 1, 2 The prevalence of CKD after lung transplantation may be particularly high due to the additional nephrotoxicity of calcineurin inhibitors. 3 Therefore, it is of paramount importance to measure kidney function in these patients for appropriate dosing of aminoglycosides and other medications. In adults with CF, the use of serum creatinine-based estimation of glomerular filtration rate (eGFR) has been questioned. 3 Several studies suggest that cystatin C (CysC) may be a superior marker of kidney function in adult patients with CF, as these patients often have wasting disease and abnormal muscle mass. [4] [5] [6] In children, however, the use of CysC-based eGFR has not been well studied. In 1 small study of 11 teenage patients with CF, there was a low prevalence of elevated CysC. 7 Studies comparing CysC-based eGFR with gold standard GFR measurements in these patients are scant. Moreover, the body composition of pediatric patients with CF may not be as severely affected compared with the adult population, as demonstrated by recent work suggesting that pediatric patients with CF have relatively normal body mass index (BMI) z scores. 8 This difference in body composition between pediatric and adult patients with CF may affect the relative use of different biomarkers in estimating GFR. There is growing evidence that specific populations require disease-specific eGFR approaches; 9 however, the best approach for the estimation of GFR in pediatric patients with CF has not been determined. We are only aware of 1 study that evaluated 53 patients (adult and pediatric) where CysC, creatinine, and tobramycin clearance were compared against 99 TcDTPA clearance, which left us without a clear answer as all methods showed considerable variation on Bland and Altman analysis and also suggested that CysC would not be useful. 10 We therefore embarked on a cross-sectional study of pediatric and young adult patients with CF who received multiple courses of nephrotoxic medications, with the intent to compare a wide variety of existing pediatric eGFR formulae using urea, creatinine, and CysC as biomarkers of GFR. We hypothesized that the importance of CysC would be much less in pediatric patients with CF with well-preserved body composition, as compared to adult patients with CF with more advanced wasting disease.
Methods

Study Design
This cross-sectional cohort study adhered to the Declaration of Helsinki and was approved by The Research Ethics Board of the University of Western Ontario (REB 100967). Patients were recruited from February 2012 to October 2015. The primary purpose of the study was to determine which known eGFR formula would work best for pediatric patients with CF.
Setting
Patients were recruited from the University of Western Ontario's affiliated London Health Sciences Centre, a tertiary care hospital serving a catchment area of 2.6 million population in South Western and Northern Ontario, Canada, with a child and youth population of 629 000.
Participants
Patients with CF who received nephrotoxic medication such as aminoglycosides for serious infections were eligible for inclusion in this study. See Figure 1 for inclusion and exclusion criteria. Eighty-one patients were screened, and 21% were eligible. Consistent with the well-published data on the ethnic background of most patients with CF, our study population was predominantly white.
Methods
Patients underwent a 99 mTc DTPA GFR scan with a 4-point sampling approach 30 minutes apart starting at 120 minutes after injection according to Russell. 11 To accommodate the use of a 1-compartmental model with the possibility of slow phase of plasma clearance, we used the Brøchner-Mortensen correction. 12 To ensure the reliability of 99 mTc Figure 1 . Flow chart of patient recruitment and study participation.
Note. CF = cystic fibrosis; LHSC = London Health Sciences Centre; GFR = glomerular filtration rate.
DTPA measurements, standard radiochemical and radiopharmaceutical purity tests were performed on each preparation of 99 mTc DTPA. The average purity, obtained from our radiopharmacy laboratory, was approximately 99%. The 99 mTc DTPA has been shown to have a good agreement with inulin and iothalamate clearance. 13 
Variables
The primary outcome was correlation between measured GFR (mGFR) and estimated GFR using CysC or creatinine or any combination of CysC, IDMS traceable creatinine, or urea. CysC was measured using a turbidimetric assay against international certified reference materials 14 on a Roche multianalyzer. 15 Serum creatinine was IDMS traceable since 2008. 16 Blood urea was measured using an enzymatic photometric assay with a lower level of detection of 0.9 mmol/L. Microalbuminuria was measured using a turbidimetric assay with a lower detection limit of 3 mg/L on a Roche multianalyzer. The eGFR was calculated using the previously published Bökenkamp et al, 17 Bouvet et al, 18 CKiD, 19 Filler and Lepage, 20 Grubb et al, 21 new Grubb et al 22 with certified reference materials, the new Schwartz et al, 23 and Zappitelli et al 24 equations. The published equations are shown in Table 1 . Standard, not high-sensitivity, C-reactive protein (CRP) was measured using an immunoturbidimetric assay. All measurements were performed in the laboratories of London Health Sciences Centre.
Standard anthropometry was performed using high-precision scales and stadiometers in the outpatient clinic. Body surface area was calculated using the Mosteller 25 formula. The BMI z scores were calculated using the World Health 
Note. GFR = glomerular filtration rate; CysC = cystatin C; Cr =creatinine; SCr = serum creatinine; BUN = blood urea nitrogen.
Organization (WHO) reference intervals. 26 Skin folds were measured using age-appropriate calipers. Skin fold z scores were calculated using Centers for Disease Control and Prevention (CDC) reference intervals. 27 Data were entered into an Excel spread sheet (Excel for Mac 2011, version 14.4.4.) and stored on a secure hospital drive.
Statistical Methods
Data analysis was performed using GraphPad Prism 5 for Mac OS X (GraphPad Inc, San Diego, California, version 5.0f). Data were analyzed for normal distribution using the D'Agostino-Pearson omnibus normality test. Correlation coefficients were calculated using appropriate parametric or nonparametric tests, mostly using the Pearson correlation coefficient for each XY pair (mGFR and eGFR), whereas bootstrap was used to construct confidence intervals for Pearson correlation coefficient (Table 3) . A P value < .05 was considered significant. Comparison between groups was performed using analysis of variance (ANOVA). Given the low correlation coefficients, we did not include the analysis of bias and agreement using Bland and Altman 28 analysis other than for the bivariate Schwartz formula which had the highest within 10% rate.
Results
Participants
Six of the 17 patients were female. Mean age was 11.5 ± 8.3 years. Our patients had relatively well-preserved body composition with an average BMI z score of −0.01 ± 0.69. The average skinfold thickness was 7.3 ± 2.8 mm, producing a z score of −1.2 ± 1.2, which was significantly different from zero (P = .014, 1-sample t test). The patient characteristics are given in Table 2 . The median number of nephrotoxic antibiotic treatment cycles was 2 (range = 1-7). Mean mGFR was 136 ± 21 mL/min/1.73 m 2 (range = 96-169 mL/ min/1.73 m 2 ). Of note, no patient had mGFR <90 mL/ min/1.73 m 2 . Mean creatinine was 38 ± 10 μmol/L, mean CysC was 0.72 ± 0.08 mg/L, and mean urea was 3.9 ± 1.4 mmol/L. Median CRP was 0.8 mg/L (range <0.6-22.9 mg/L). Not surprisingly, there was no correlation between CysC and skinfold z score, body surface area, BMI, height, or weight. The mean eGFRs based on all formulae used are provided in Table 2 .
Regression Analysis
The r values and P values of the linear regression analyses for each of the 16 eGFR models are provided in Table 3 . Statistically significant correlations between the gold standard GFR measurement and the eGFR using each of the formulae were observed with the new Grubb formula using certified reference intervals for CysC, the simple Schwartz formula, the univariate new Schwartz formula for creatinine only, the bivariate new Schwartz formula for creatinine and CysC as well as for creatinine and urea, the multivariate Schwartz formula without sex and race and the final new Schwartz formula, as well as the bivariate Zappitelli formula (Table 3 ). The best correlation with the gold standard mGFR measurement was with the new Grubb formula using certified reference materials for CysC. The bivariate new Schwartz formula using urea and creatinine had the highest percentage of values within 10% of the gold standard mGFR (64%), but correlation coefficient of below 0.7. For this formula, bias was −12.37 ± 17.16% with a 95% limit of agreement from −46.01% to +21.26%. This was the only equation with greater than 60% of values within 10% of the mGFR. However, none of the formulae had an r value >0.75, indicating that significant variability was observed, irrespective of the biomarker used.
CRP (normal value <5.0 mg/L) was not normally distributed and ranged from <0.6 to 22.9 mg/L. Median CRP concentration was 0.8 mg/L (interquartile range = 0.6-3.1 mg/L), suggesting that there was a degree of inflammation in most patients. While there was a trend for higher CysC concentrations with higher CRP values, this did not reach statistical significance (Spearman r = 0.22, P = .11, 1-sided).
Discussion
In this single-center, cross-sectional study of children and young adults with CF, we found that our patients had relatively well-preserved body composition, with normal BMI z Note. F = female; M = male; BMI = body mass index; FVC = forced vital capacity; FEV-1 = forced expiratory volume; mGFR = measured glomerular filtration rate; CysC = cystatin C. .0004
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*p < 0.05, **p < 0.01, ***p < 0.001.
scores, only mildly decreased skinfold z scores, and no CKD. Most of the patients had an elevated CRP. The main objective was to assess the diagnostic performance of the existing eGFR formulae. Unfortunately, none of the published formulae showed a good agreement, suggesting that GFR should be measured in these patients. These findings are similar to those of Soulsby et al. 10 The regression analysis of the various eGFR formulae with mGFR revealed significant but not strong correlation coefficients. The diagnostic performance of CysC-onlybased eGFR methods was less than expected, except for the new Grubb formula using certified reference materials which had the best correlation coefficient of 0.7477 but relatively low accuracy within 10%. 22 The new bivariate Schwartz et al 23 formula using creatinine and urea had the best accuracy within 10%, but relatively low correlation coefficient.
The poor diagnostic performance of the CysC-based eGFR formulae was surprising. There are several likely reasons for this. First, none of our patients had impaired GFR. Studies have shown that eGFR formulae work best in the GFR range in which they were derived, 29 and all of the existing eGFR formulae were derived in populations with CKD. It has also been shown that the scatter of CysC against the mGFR is much tighter when the mGFR is abnormally low as compared with patients who hyperfilter or have normal GFR. 30 Of note, none of our patients had diabetes, which could lead to hyperfiltration. Second, our patients had relatively well-preserved body composition, particularly compared with the adult population with CF, which tends to have more advanced wasting disease. 31 Our study is in agreement with a recent study that demonstrated a well-preserved body composition in children with CF. 8 The significantly better diagnostic performance of CysC in adult patients is likely due to the low muscle mass of these patients. 4, 32 Third, there was a high prevalence of elevated CRP in our patient cohort. It is well established that severe inflammation can lead to an increase in CysC, resulting in an underestimation of GFR. 33 Like all proteins, acute phase reactions may increase protein production. In our cohort, the correlation between CysC and CRP did not reach statistical significance, likely due to the small sample size. However, it is possible that the inflammation in our patient population contributed to the poor performance of CysC-based formulae. Taken together, there are multiple explanations for the rather disappointing diagnostic performance of CysC in this patient cohort. 15 Overall, our results demonstrate that none of the eGFR formulae worked particularly well in this patient population. While the new bivariate Schwartz et al 23 formula had the best accuracy with 64.7% within 10%, the relatively low correlation coefficient was disappointing. The new Grubb formula using certified reference materials had the best correlation coefficient of 0.7477; however, only 35.3% were within 10%. There is growing evidence that combining different biomarkers improves the diagnostic performance for the estimation of GFR. 23, 34, 35 Based on the current study, however, none of the formulae work well. Given that most patients had a normal GFR, these results are not surprising. Our study has several limitations. Due to the small number of participants, strategies to reduce bias could not be employed. Owing to the strict inclusion criteria, we have a small sample size. The lack of patients with impaired GFR also forms a limitation, as the results may not be generalizable to a population with impaired GFR. Although 99 Tc DTPA GFR measurements form a well-established gold standard method for the measurement of GFR, there is a small amount of plasma protein binding with DTPA, which may lead to overestimation of GFR. 36 However, this should have been addressed with the use of the Brøchner-Mortensen and Jodal 12 correction. Another limitation is the lack of reporting of bias and agreement as would be done with Bland-Altman plots, but given the poor correlation coefficients, we determined this analysis to be unnecessary. The well-preserved body composition in our patients limits the generalizability to patients with wasting disease. A strength of our study was the use of a high-precision 4-point mGFR method. Another strength of our study was the inclusion of a wide variety of available eGFR formulae. It should be noted that the availability of CysC is quite limited among the Canadian centers, and we are unaware of any other center that has a 1-hour turnaround time for CysC. 15 
Conclusions
In conclusion, our study does not support the use of eGFR formulae for the estimation of GFR in young patients with CF without wasting disease. The role of CysC remains uncertain and studies with larger sample size would be needed to definitely rule out that CysC will likely not be a good biomarker in patients with CF. While the correlation coefficient with the 2014 Grubb formula was best, it had a low percentage within 10%. The bivariate Schwartz formula from 2012 had the best percentage within 10%, but the correlation coefficient was much lower than that of the Grubb formula. We conclude that GFR should be measured in patients with CF with normal body composition. Given the limitations of this study, future prospective studies are needed to confirm these findings.
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